Polycapillary Lens
The lens works similarly to an optical fibre, acting as a waveguide in reflecting x-rays along its length. The capillaries are aligned such that they are able to focus a source of several hundreds of microns 51.0 mm away from one end of the lens to a spot of diameter several hundreds of microns 50.0 mm away from the other side of the lens. The lens itself measures 141.3 mm in length and so in effect (minus throughput losses) the lens acts to move the x-ray source 242.3 mm away from the lasertarget interaction. The lens has an output aperture of 10.3 mm and so has a theoretical ang .
Experiment
The results shown here are from an experiment carried out at VULCAN, Target Area West. The experiment was carried out in two parts. The first part consisted of the production and subsequent focusing of 8 keV Cu K-α radiation using the polycapillary lens. The K-α radiation was produced in the usual manner with the interaction of a short pulse laser beam and a metal foil. The hot electrons generated at the front plasma surface interact with the solid target itself, producing bremsstrahlung radiation and line emission. In the case of mid-Z materials, K-α emission is found to dominate the spectrum [9] . Here we illuminated a 2 µm thick copper foil with a 10 ps short pulse laser beam operating at the fundamental wavelength (λ 0 = 1054 nm). The laser pulse energy was ~175 J and the beam was focused by an f-15 parabola to a focal spot of 300 µm. These parameters were chosen in order to maximize the K-α production of the copper sample. The x-rays are emitted roughly isotropically with those directed towards the lens focused down to a spot on the image plate detector as shown in fig. 1 . A lead shield was placed to prevent any x-rays travelling directly from the copper foil to the image plate. The lens was optimized and the x-ray spot was characterized for future use. The complete experimental setup including target, lens, shielding and detectors was placed inside a single vacuum chamber. The image plates used require scanning after each shot taken, thus the chamber could not remain at vacuum but instead had to be let-up and pumped down between shots. In order to characterise the x-ray spot output from the polycapillary it is first necessary to align the lens to a high degree of precision (to within 10s of µm's). Initially two counter-propagating He-Ne lasers were used to define an axis running from the focal spot of the laser on the metal foil to a point in the plane of the image plate. The lens was then placed on this axis between the metal foil target and the image plate (see fig. 1 ). The short pulse beam was then fired to generate short pulse Cu K-α line radiation at 8.05 keV which was focused by the lens onto a spot on the image plate. The lens was then translated in both the x and y directions so as to optimize the intensity of the x-ray spot on the image plate. During this process the lens was not moved in the focal direction nor was it rotated around its axis. Ten shots were required on average to align the lens. A full characterization of the x-ray spot was carried out once the lens was fully aligned.
In the second part of the experiment four 1.5 ns long pulse beams frequency doubled to λ 0 = 527 nm were used to drive the He-α transition in titanium. A total of ~400 J was incident on the titanium target within a focal spot of 50 µm. The x-rays were again focused by the lens onto an image plate and the lens was aligned in the same manner. Once this was completed, a polycrystalline sample was placed at the focus of the x-rays as shown in fig. 2 . The x-rays diffract from the sample by Bragg's law and are incident on the image plate detector situated behind the sample.
X-Ray Spot Characterization
A flat HOPG (highly ordered pyrolytic graphite) spectrometer in Von Hamos geometry is placed 20 cm away from the backlighter target in order to capture the x-ray spectrum generated. Initially the HOPG crystal is aligned such that the Cu K-α peak is diffracted from the (004) plane of the crystal onto an image plate detector. Also seen is the characteristic He-α peak at a slightly higher energy. For the titanium targets, the setup is changed such that the Ti He-α radiation is diffracted from the (002) plane of the HOPG crystal onto the image plate. The He-α line is separated into three distinct peaks as is expected [10] . Also present are several satellite peaks whose intensity is several orders of magnitude weaker than the He-α line [11] . Results are shown in fig. 3 for the two cases. We find that the Cu He-α x-ray spot has a FWHM in the xdirection of 392 ± 10 µm and in the y-direction of 403 ± 16 µm. In the case of the Ti K-α x-ray spot, the FWHM values were 385 ± 19 µm and 400 ± 20 µm respectively. These values are taken from the scans of an image plate placed at the focus of the lens as shown in fig. 2 and averaged over three shots. The number of x-ray photons in each spot is also easily calculable from the PSL (photo-stimulated luminescence) value of the exposed image plate (see fig. 4 ). For the case of the copper targets, we find a peak intensity in PSL of 2 ± 0.2 × 10 3 which corresponds to ~2 × 10 6 photons. The total PSL contained in the spot is therefore 3.5 ± 0.3 × 10 4 corresponding to 3.5 × 10 7 xray photons. For titanium, the peak intensity in PSL is 4.5 ± 0.5 × 10 4 or 4.5 × 10 7 photons. In this case the total PSL in the spot is 8.8 ± 0.8 × 10 4 corresponding to 8.8 ± 10 8 x-ray photons. All calculations above followed the method described in [12] taking the spatial resolution of the image plate to be 100 µm. The divergence of the x-rays output from the lens is also calculated by moving the image plate detector behind the focus of the lens and measuring the subsequent increase in size of the x-ray spot. The half angle of the x-ray cone is measured to be 6 ± . This result agrees with the expected value of angular divergence given the geometry of the polycapillary lens as mentioned above.
The polycapillary lens focuses x-rays of all energies above ~1 keV. Therefore one question regarding the x-ray spot output from the polycapillary lens concerns its energy content. That is what percentage of the spot is line radiation (K-α or He-α) and what percentage comes from the continuous emission across a range of energies. It should be noted that this question is not unique to the experiment described here: the ratio of line radiation to continuous emission is always important in x-ray diffraction or scattering experiments. In all cases, it is preferable to maximise the conversion efficiency of laser energy into line emission.
X-Ray Diffraction
The lens-focused Ti He-α x-ray source is then used to study the structure of two materials: pyrolytic graphite and polycrystalline aluminium. The setup used is depicted in fig. 2 with a distance of 40 mm from the graphite or aluminium sample to the image plate. Pyrolytic graphite is characterised by its ordered nature; it comprises many graphite layers in a hexagonal close packed structure which have a relatively small angular spread. For this reason it is essential that the x-rays are incident onto the sample at an angle which satisfies the Bragg condition. In this case the incident angle of x-rays onto the which represents the Bragg angle for the diffraction of 4.75 keV x-rays from the (002) plane in graphite. The diffraction angle is calculated simply from the ratio of Figure 2 . Top-down view of experimental setup. The incident laser beams drive the He-α t t th t t th ht h th diagram. The resulting line radiation is focused by the x-ray lens onto the target. The x-rays are t t B ' w t t by th t . θ represents the angle through which the x-rays are diffracted from the sample. horizontal and vertical distances travelled by the x-rays between the sample and the image plate.
Finally, the pyrolytic graphite was replaced by a polycrystalline aluminium sample and the process was repeated. In this scenario the incident angle of the x-rays is unimportant due to the polycrystalline structure of the sample: there will always be some crystal structures orientated such that the Bragg condition is met regardless of incident angle. A diffraction ring (or strictly speaking part of a diffraction ring) is seen on the image plate and a lineout is taken in order to determine the angle in the same way as before. The results of both aluminium and graphite are displayed in fig. 5 . These results demonstrate that the relayed x-ray source from the polycapillary lens can be used for diffraction experiments.
Conclusions
This work has shown the ability of x-ray polycapillary lenses to focus laser-produced x-ray sources to high intensities. Using a titanium backlighter target, the peak x-ray intensity output from the lens is 4.5 × 10 7 photons, with a total photon count of 8.8 × 10 8 in 0.13 ± 0.01 mm 2 . Assuming a He-α conversion efficiency of 10 -4 [13] , this setup is equivalent to placing the backlighter target 3 mm from the sample with a 600 µm diameter pinhole. The polycapillary lens therefore enables the placement of the backlighter target 242.3mm from the sample to be studied rather than 3 mm, as would normally be done, without loss of signal. Assuming noise goes as ~ 1/R 2 , the reduction in noise gained by using the lens is then a factor of 242.3 2 /3 2 = 6500, while the signal remains the same. Moreover, the large distances involved here enable the experimenter to place additional shielding between detector and backlighter target that would otherwise have been impossible if the two were closer together, thus potentially further reducing noise. The function of the lens is demonstrated by two simple diffraction experiments using pyrolytic graphite and polycrystalline aluminium. The diffracted He-α and He-β lines were seen with a good signal-to-noise ratio in both cases. Future experiments to study high energy density states of matter could achieve better x-ray scattering or diffraction results using the setup described in this paper. 
